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Abstract 
To study the effects of hydroxyapatite(HA)nanoparticles on devitrification of cryoprotectant solutions, the 
crystallization of PEG-600(50%)solutions with HA nanoparticles of different particle sizes(20nm、40nm、60nm）
and concentrations（0.1%、0.2%、0.4%、0.8%）were observed using a cryomicroscopy. Experimental results 
showed that devitrification onset temperature of PEG-600 solution containing 0.4% HA with the particle size of 
60nm increased by 10℃, the growth rate of ice crystal in PEG-600 solution containing 0.4% HA with the particle 
size of 20nm and 0.8% HA with the particle size of 40nm decreased by 35% and increased by 50% respectively when 
compared with the PEG-600 solution doped without nanoparticles. The structure of ice crystal in PEG-600 solution 
with HA changed remarkably. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction 
The use of ultralow temperature to preserve samples has become the most accepted method. In 
particular, using liquid nitrogen (-196℃) to cryopreserve the samples is often considered as the most 
feasible method. It is theoretically believed that all the metabolic activity of the cells at -196℃ will be 
ceased and therefore the sample can be viable for infinity years. However, it is often difficult to 
successfully reduce the temperature to -196C, as the water in the samples forms ice at freezing point 
which is determined to be lethal. Cryobiologists routinely use either traditional slow-rate freezing or 
vitrification. Traditional slow-rate freezing allows the water in the sample to exchange between the 
extracellular and intracellular fluids without ice crystal formation. Therefore the risk of ice in fracturing 
                                                           * Corresponding author. Tel: +86-21-55271200; fax:+86-21-55270695 
E-mail address: fukoulv@usst.edu.cn. 
Available online at www.sciencedirect.com
© 2011 Published by Elsevier B.V. Selection and/or peer-review under responsibility of International Materials Science Society.
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
Lv Fukou et al. / Energy Procedia 16 (2012) 796 – 801 797 Author name / Energy Procedia 00 (2011) 000–000 
the internal parts is assuaged [1~2]. Vitrification can be best described as using rapid cooling rate to 
increase the viscosity of water in the sample, thereby the water is vitrified rather than forming ice. The 
benefit of cryopreservation relies on a successful reduction of temperature to -196℃ and then thawing the 
cells again to room temperature upon the need.But, vitrified samples may form ice during thawing and ice 
crystal injury would eventually turn lethal. 
It is therefore of prime importance to study the problems associated with ice crystals both during 
freezing and thawing. Some researchers studied the nucleation, ice-crystal growth and morphology in 
freezing using a microscopy or by phase-field model. Diller and Cravalho[3] firstly investigated the 
cryopreservation of biomaterial and the velocity of ice-crystal growth using a cryomicroscopy. Schwartz 
and Diller[4] adjusted the cryoscopy system to obtain the ice crystal image by tracking the ice front. 
Steponkuse et a1[5~6]explored the ion migratory and cryoinjury under isothermal microscope. Tao Le-
ren et al[7~9]investigated the freezing of DMSO,sucrose and Nacl solution.  Chen Er-tong[10] presented 
that the growth of the ice could be restrained effectively by raising the cooling rate and using the 
cryoprotectants. Chen Mei-ying[11] put forward that the branches of ice crystals were developing with 
the increase of freezing time and supercooling degree. Zhan Shao-zhi[12]studied the ice nucleation 
phenomenon and made a conclusion that the temperature of ice nucleation decreased for filling 
cryoprotectant. There is no report about the ice-crystal growth parameters in rewarming of cryoprotectant 
so far. 
2. Materials and methods 
2.1. Preparation of nano-cryoprotectants 
HA nanoparticles (Nanjing Emperor Nano Material Co. Ltd) of different concentrations (0.1%, 0.2%, 
0.4%, 0.8% w/w) were suspended in PEG-600 solutions (50% w/w) by using a two-step method. The 
purity of HA nano-particles used is 99.9% and the diameter is 20nm, 40 nm and 60nm respectively. First 
the nanoparticles was weighted out by using a precise electronic balance and added into PEG-600 
solution. Then these solutions with nanoparticles were stirred by JY92-2D ultrasonic vibrator. Ultrasonic 
vibration was performed under the conditions of the constant cooling water temperature of 20℃, the 
ultrasonic time of 3h and the ultrasonic power of 200W. It can be seen that nanoparticles have a uniform 
distribution in the solution in 3 hours. The stable HA-PEG600 nano-cryoprotectants suspensions were 
prepared. 
2.2. Cryomicroscopy system.  
 
1 liquid nitrogen，2 vacuum pump，3 control，4 Cryo-stage，5 CCD，6 The objective 6, 7 slide, 8 condenser，9 computer 
Fig. 1. Schematic illustration of the cryomicroscopy system 
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Figure 1 represents a schematic illustration of the cryomicroscopy system, which is made up of 
BCS196 Biological Cryo-stage with the software of  LInksys 32(MicroDevice,Inc.,Jenkintown,PA).  
The system can freeze and warm samples between the velocities of 0.01℃/ min and 150℃/min from 
the -196℃ to 125℃, CCD transmits the image to computer. It is observed that the structure of ice crystal 
and photos can be taken together with a temperature logger. Direct observation of ice-crystal was made in 
the case of HA-PEG600 cryoprotectants under a cryomicroscopy. To accomplish this, the sample was 
cooled at 150℃/ min to -160℃ and held for 2 minutes, and then warming at 10℃/ min to room 
temperature. When a black point appeared, the temperature of samples is actually the devitrification onset 
temperature. When the ice-crystal ceases growing, the temperature of samples is the devitrification end 
temperature. The velocity of ice-crystal growth can be calculated using the temperature logger for the 
warming rate is constant at 10℃/ min. Ice morphology can be observed using a cryomicroscopy. 
3. Results and discussion 
The structures of ice crystal of PEG-600 solutions with HA are shown in Figure 2 to Figure 7.The 
devitrification onset temperature, ice-crystal growth and morphology in warming are illustrated in Table 1. 
Figure 2  big disk                                                Figure 3   small dendrite 
Figure 4   middle dendrite                                    Figure 5   big dendrite 
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Figure 6   small disk                                 Figure 7   disk with branches 
Table 1. devitrification onset temperature, ice-crystal growth temperature and ice morphology in warming 
Particle 
size(nm) concentration
devitrification onset 
temperature℃
ice-crystal growth 
temperature℃ morphology
None  -66 -66—-46 big disk 
20nm 
0.1% -58 -58—-34 small dendrite 
0.2% -58 -58—-38 middle  dendrite 
0.4% -60 -60—-33 big dendrite 
0.8% -68 -68—-55 small disk 
40nm 
0. 1% -66 -66—-52 small disk 
0.2% -64 -64—-40 disk with branch 
0.4% -67 -67—-54 small disk 
0. 8% -66 -66—-56 small disk 
60nm 
0. 1% -66 -66—-52 small disk 
0.2% -64 -64—-48 disk with branch 
0.4% -56.3 -57—-36 small dendrite 
0.8% -63 -63—-40 disk with branch 
3.1. Effect of nanoparticles on devitrification onset temperature 
Experimental results showed that the devitrification onset temperature of PEG-600 solution containing 
0.4% HA with the particle size of 60nm increased by 10℃ when compared with the PEG-600 solution 
doped without nanoparticles. It is assumed that the nanoparticles strengthen the glass lattice so as to 
hinder the devitrification. 
The nucleation temperature of PEG-600 solution containing 20nm HA decreased gradually along with 
the increasing concentration of nanoparticles. The nucleation temperature of PEG-600 solution containing 
40nm HA changed little when compared with the PEG-600 solution 
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3.2. Effect of nanoparticles on velocity of ice-crystal growth 
The growth rate of ice crystal in PEG-600 solution containing 0.4% HA with the particle size of 20nm 
and 0.8% HA with the particle size of 40nm decreased by 35% and increased by 50% respectively when 
compared with the PEG-600 solution doped without nanoparticles. 
The growth rate of ice crystal in PEG-600 solution containing 0.2% HA with the particle size of 40nm 
and 0.8% HA with the particle size of 60nm is similar, so as the PEG-600 solution containing 0.8% HA 
with the particle size of 20nm and 0.4% HA with the particle size of 40nm. 
The growth rate of ice crystal in PEG-600 solution containing 60nm decreased gradually along with 
the increasing concentration of nanoparticles. 
3.3. Effect of nanoparticle on ice morphology 
Ice morphology (e.g., the size and shape of crystals) is important in the quality of frozen samples. The 
freezing or warming rate is usually the parameter for controlling the size and size distribution of ice 
crystals in frozen and partly frozen systems. 
The structure of ice crystal in PEG-600 solution with HA changed remarkably when compared with 
the big disk of PEG-600 solution. 
The structures of ice crystal in PEG-600 solution with 20nm HA are transformed from small dendrite 
to big dendrite when the concentration increases from 0.1% to 0.4%, but the morphology transited to 
small disk as the concentration increased to 0.8%. 
The structures of ice crystal in PEG-600 solution with 40nm HA are all small disk except the disk with 
branch for the concentration of 0.2%. 
The structures of ice crystal in PEG-600 solution with 60nm HA make great difference for the 
different concentration, small disk for 0.1%, disk with branch for 0.2% and 0.8%, and the small dendrite 
for 0.4%. 
It is also shown in table 1 that the devitrification properties of PEG-600 solution containing 0.1% HA 
with the particle size of 40nm and 60nm is identical.  
4. Conclusion  
In conclusion, experimental results showed that the devitrification onset temperature of PEG-600 
solution containing 0.4% HA with the particle size of 60nm increased by 10℃, the growth rate of ice 
crystal in PEG-600 solution containing 0.4% HA with the particle size of 20nm and 0.8% HA with the 
particle size of 40nm decreased by 35% and increased by 50% respectively when comparing with the 
PEG-600 solution doped with no nanopartical. The structure of ice crystal in PEG-600 solution with HA 
changed remarkably. The explanation and analysis for the nucleation and kinetics of ice-crystal growth 
were presented. However, the interplay mechanism of nanopartical and solution and the effect needs 
further exploring.  
Acknowledgements 
The study was supported by the Natural Science Foundation of China( Grant No.51076108) , the New 
Century Excellent Talent of Ministry of Education( Grant No. 07-0559) and the Shanghai Oriental 
Scholars Program）
Lv Fukou et al. / Energy Procedia 16 (2012) 796 – 801 801 Author name / Energy Procedia 00 (2011) 000–000 
References 
[1] Hua T C，Ren H S．Cryobiology-medical techniques．Beijing Science Press, 1994．
[2] Li G W，Zheng C Y，Tang B．Low temperature biology．Hunan Science and Technology Press ,1998．
[3] Diller K R．Cravalho E G，A cryomicroscope for the study of freezing and thawing processes in biological cells，
Cryobiology，7(1971) ，191．
[4] Schwartz G J．Diller K R，Design and fabrication of a simple versatile cryomicroscopy stage，Cryobiology，19(1982) ，
529．
[5] Steponkus P L．Dowgert M F．etal，Cryomicroscopy of isolated plant protoplasts，Cryobiology，21(1984) ，209．
[6] Steponkus P L．Stout D E．etal，Freezing-induced electrical transients and cryoinjury，Cryoletters，5(1984) ，343．
[7] Tao le-ren.Hua ze-zhao，A microscopic study of the crystallization in cryoprotectent agents，Journal of engineering 
thermophysics，22（2001），481．
[8] Wang wen-hua.Tao le-ren.Hua ze-zhao ，A microscopic study of the crystallization in Nacl solution，Proceeding of 
engineering thermophysics，2002，637．
[9] Wang wen-hua.Tao le-ren.Hua ze-zhao ，Microscopic study of crystal growth in cryo-preservation solution,，Proceeding of 
engineering thermophysics，，2003，390．
[10] Ye ping．Chen er-tong，Microscopic study of the alginate-chitosan-alginate microcapsules cryopreservation，Chin Med 
biotechnol，3（2008），409．
[11] Chen mei-ying．Chen yong-xue，Phase-field simulation of the growth mechanism of ice crystals in the process of freeze 
concentration，Journal of Fujian Agriculture and Forestry University(Natural science Edition ，39（2010），548．
[12] Zhang shao-zhi．Wang jin fu，Cryomicroscope and its use in the observation of intracellular ice，Journal of cell 
biology，25（2003），231．
